We use imaging from the Next Generation Virgo cluster Survey (NGVS) to present a comparative study of ultra-compact dwarf (UCD) galaxies associated with three prominent Virgo sub-clusters: those centered on the massive, red-sequence galaxies M87, M49 and M60. We show how UCDs can be selected with high completeness using a combination of half-light radius and location in color-color diagrams (u * iK s or u * gz). Although the central galaxies in each of these sub-clusters have nearly identical luminosities and stellar masses, we find large differences in the sizes of their UCD populations, with M87 containing ∼ 3.5 and 7.8 times more UCDs than M49 and M60, respectively. The relative abundance of UCDs in the three regions scales in proportion to sub-cluster mass, as traced by X-ray gas mass, total gravitating mass, number of globular clusters, and number of nearby galaxies. We find that the UCDs are predominantly blue in color, with ∼ 85% of the UCDs having colors similar to blue GCs and stellar nuclei of dwarf galaxies. We present evidence that UCDs surrounding M87 and M49 may follow a morphological sequence ordered by the prominence of their outer, low surface brightness envelope, ultimately merging with the sequence of nucleated low-mass galaxies, and that envelope prominence correlates with distance from either galaxy. Our analysis provides evidence that tidal stripping of nucleated galaxies is an important process in the formation of UCDs.
INTRODUCTION
For many decades, it was widely believed that galaxies and star clusters were completely unrelated populations in the manifold of stellar systems, characterized by distinct stellar populations, structural and dynamical properties, and, presumably, formation histories (e.g., Kormendy 1985; Burstein et al. 1997 ; see also the overview of Willman & Strader 2012 and references therein). However, in the late 1990s, multiple spectroscopic surveys of the Fornax cluster uncovered an apparently new type of compact stellar system with properties that seemingly bridged the gap between compact, low-mass galaxies and globular clusters (GCs). First, Hilker et al. (1999) used the 2.5 m Dupont telescope to carry out a spectroscopic survey of stellar systems in the vicinity of NGC1399 and reported the discovery of two Fornax members so compact that they were barely resolved in ground-based images. Three other compact cluster members were identified by Drinkwater et al. (2000) and Phillipps et al. (2001) in an AAT/2dF Fornax spectroscopic survey. With absolute magnitudes in the range −13.8 M B −11.6, these objects have luminosities comparable to those of the faintest dwarf galaxies then known in the Local Group, but effective radii about an order of magnitude smaller. As a result, these rare systems came to be known as "ultracompact dwarf" galaxies (UCDs). Soon afterwards, UCDs were discovered in the Virgo cluster using a combination of HST imaging and Keck spectroscopy (Haşegan et al. 2005) . Additional Virgo UCDs were later identified in an AAT/2dF spectroscopic survey (Jones et al. 2006) . More recent studies have increased the number of known UCDs in Virgo, though mainly in the immediate vicinity of M87 (e.g., Brodie et al. 2011) . To date, UCDs have been found in a wide range of environments, including the Centaurus (Mieske et al. 2007 ), Hydra (Wehner & Harris 2007; Misgeld et al. 2011) , Coma (Price et al. 2009; Madrid et al. 2010; Chiboucas et al. 2011) , Antlia (Caso et al. 2013) and Perseus (Penny et al. 2014) clusters, as well as in proximity to some group and field galaxies (Evstigneeva et al. 2007; Madrid 2011; Hau et al. 2009; Norris & Kannappan 2011) .
Generally speaking, the UCD samples amassed by these surveys have continued to close the once-prominent gap between GCs and "normal", low-mass galaxies, further blurring the distinction between these families of stellar systems.
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Still, the role of selection effects in shaping our perceptions of "families", "gaps", and "trends" among stellar systems is a matter of concern. Existing UCD catalogues are heterogeneous in nature, having been assembled from a patchwork of surveys with different biases and completeness limits. This is understandable because UCDs are notoriously difficult to find and study: i.e., most are too small to be resolved in typical ground-based images, rendering spectroscopic surveys the obvious route forward (Hilker et al. 1999; Drinkwater et al. 2000; Jones et al. 2006; Mieske et al. 2007; Evstigneeva et al. 2007; Adami et al. 2009; Gregg et al. 2009 ). Unfortunately, spectroscopy is both time consuming and inefficient: for instance, the 2dF survey of Jones et al. (2006) yielded just nine UCDs from a radial velocity sample of 1501 objects, for an overall success rate of ∼ 0.6%.
In principle, high-resolution Hubble Space Telescope (HST) imaging can circumvent this problem by allowing UCDs in the local universe to be resolved directly and separated from GCs on the basis of size and luminosity (Mieske et al. 2004b; Haşegan et al. 2005; Blakeslee & Barber DeGraaff 2008; Hau et al. 2009; Madrid et al. 2010; Madrid 2011; Strader et al. 2012; Caso et al. 2013; Norris et al. 2014) . Although this approach can improve discovery efficiency, candidates must still be confirmed spectroscopically because contamination from background galaxies can be significant, particularly at faint magnitudes. The foremost concern, though, is HST's small field of view, which severely limits sky coverage and hence spatial completeness in the nearest groups or clusters: e.g., the search for UCDs in the Virgo cluster by Haşegan et al. (2005) , undertaken as part of the ACS Virgo Cluster Survey (ACSVCS; Côté et al. 2004) , cov-21 A working definition of UCDs has recently been proposed by Willman & Strader (2012) , who take UCDs to be systems with sizes 10 ≤ r h ≤ 100 pc and absolute magnitudes −13 ≤ M V ≤ −9. However, a variety of such definitions exist, and it is worth remembering that all such definitions remain subjective in nature.
ered one hundred sightlines but just ∼0.3% of the total cluster area.
More than 15 years after their discovery, the origin of UCDs remains surprisingly obscure. A number of scenarios -with varying degrees of theoretical/numerical underpinning -have been proposed: UCDs could be: (1) otherwise normal objects within the high-luminosity tail of the GC luminosity function; (Mieske et al. 2002 ; (2) end-products of the aggregation of young massive star clusters formed during the interaction of gas-rich galaxies (Fellhauer & Kroupa 2002 Brüns & Kroupa 2012) ; (3) the remnants of nucleated dwarf galaxies that have been stripped, or "threshed", during tidal interactions (Bekki et al. 2001; Drinkwater et al. 2003; Paudel et al. 2010; Pfeffer & Baumgardt 2013; Seth et al. 2014; Janz et al. 2015) .
Of course, these scenarios need not be mutually exclusive, and it is entirely possible that multiple formation pathways exist, as noted by Haşegan et al. (2005) and others (Mieske et al. 2006a; Brodie et al. 2011; Chilingarian et al. 2011; Da Rocha et al. 2011; Norris & Kannappan 2011) . For instance, Mieske et al. (2012) examined the specific frequency of UCDs in different environments and showed that they seem to match those of GCs very well, suggestive of a direct GC-UCD link. Other studies found some UCDs to be surrounded by faint halos (Haşegan et al. 2005; Blakeslee & Barber DeGraaff 2008) or even asymmetric extensions (Richtler et al. 2005; Brodie et al. 2011 ) that could be explained by nucleated dwarf progenitors. There is also evidence that mergers of super star clusters has played a role in the formation of some young massive objects that could be analogs for some UCD progenitors (e.g., Maraston et al. 2004) . Thus, the immediate tasks are to decide which mechanisms have been involved in UCD formation, and to assess their relative importance as a function of time and environment.
A large and carefully selected sample of UCDspreferably identified in a survey with a well characterized selection function -is needed to better understand the origin of these puzzling systems. As the nearest rich cluster of galaxies (Mei et al. 2005; Blakeslee et al. 2009 ), Virgo is an obvious choice for a comprehensive UCD survey. At a distance of ∼16.5 Mpc, a UCD in Virgo with a typical half-light radius of ∼ 20 pc (corresponding to ∼ 0. 25) can, as we will show below, be resolved in highquality ground-based images. Moreover, the cluster itself is quite rich, containing ∼ 2000 cataloged member galaxies of virtually all morphological types (Binggeli et al. 1987) , tens of thousands of GCs, and large numbers of nucleated galaxies (Binggeli et al. 1987; Côté et al. 2006; Jordán et al. 2005; Harris 2009a) , making it possible to compare the properties of these stellar systems within a single, homogenous survey.
The Next Generation Virgo cluster Survey (NGVS) is a large program carried out with the 3.6 m Canada-FranceHawaii Telescope (CFHT) between 2008 and 2013. The project has been described in detail in Ferrarese et al. 2012 (Paper I) . Briefly, the survey used the MegaCam instrument to perform panoramic imaging of the Virgo cluster, from its center to virial radius, in the u * giz filters (≈ 100 deg 2 ). For a subset of the survey area, rand K s -band imaging is also available (see, e.g., Muñoz et al. 2014) . Especially important for the study of UCDs, the NGVS image quality is uniformly excellent, with a median i-band seeing of FWHM 0. 54 (the first and third quartiles are 0. 52 and 0. 56, see also Figure 8 in Ferrarese et al. 2012) . Overall, the depth, areal coverage, and image quality of the survey, as well as the availability of extensive color information, make it an ideal resource for the study of compact stellar systems like UCDs. We will identify UCD candidates using NGVS multi-wavebands data and show that this photometrybased sample is very clean. Because the survey spans a wide range of local density, its also provides an opportunity to investigate the role played by environment in the formation and evolution of UCDs.
In this paper, we use NGVS imaging to carry out a systematic study of UCDs in the Virgo cluster. We focus on three important, high-density regions within the cluster: the sub-clusters centered on the massive, red-sequence galaxies M87, M49 and M60. In future papers, we shall extend our analysis to include the entire cluster, including regions of low density. Other papers in the NGVS series related to the topics considered here include studies of the cluster-wide GC populations in Virgo (Durrell et al. 2014) , the abundance and dynamical properties of star clusters, UCDs and galaxies in the cluster core (Zhu et al. 2014; Zhang et al. 2015; Grossauer et al. 2015) , the structure and dynamics of compact galaxies in Virgo (Guérou et al. 2015) and the physical classification of stellar and galactic sources using optical and NIR imaging (Muñoz et al. 2014; Raichoor et al. 2014) . Zhang et al. (2015) is especially relevant to this paper, in that it presents a detailed kinematic analysis of UCDs and GCs in the core of the cluster. This paper is structured as follows. We give a brief description of the NGVS imaging and data reduction procedures in §2.1 and §2.2, while a discussion of our UCD selection methods is given in the remainder of §2. In §3, we examine and compare the properties of UCDs in the M87, M49 and M60 regions, paying particularly close attention to the M87 region where we have the benefit of both K s -band imaging and extensive spectroscopic coverage. The implications of our findings are given in §4, while §5 presents our conclusions and outlines some possible directions for future work.
OBSERVATIONS

Survey Overview and Data Reduction
The NGVS is a deep optical imaging survey in the u * , g, i and z bands, with additional partial coverage in r, carried out with MegaCam, the 340 megapixel camera on CFHT (Boulade et al. 2003) . 22 The survey covers an area of Ω = 104 deg 2 inscribed within the virial radii of the Virgo A (R 200 = 1.55 Mpc) and Virgo B (R 200 = 0.96 Mpc) subclusters , which are centered on M87 and M49, respectively. Beginning with the NGVS "pilot program" (see Ferrarese et al. 2012) , images were collected during six consecutive observing seasons, 2008 through 2013. Each MegaCam pointing (i.e., NGVS field) measures roughly 1
• × 1 • on the sky. There is some overlap between fields, so that the 104 deg 2 survey area is covered by 117 distinct NGVS pointings. Each NGVS field is assigned a pair of ordered numbers 22 Outside of the M87 region, r-band imaging is available at only a fraction of the full survey depth, ranging from 1374 to 4461 sec.
according to its location within the survey grid. Field (+0, +0) is in the cluster center and includes M87; the field numbers grow with increasing right ascension and declination. In addition, four background fields were also observed (see Table 1 of Ferrarese et al. 2012) . The background fields are located well beyond the survey boundaries (offset from M87 by ≈ 16
• ), at about three virial radii from the center of the A subcluster and at Galactic latitudes corresponding to the highest and lowest values spanned by the main survey.
Exposure times in seconds for the five filters are:
T u * = 11 × 582 = 6402 T g = 5 × 634 = 3170 T r = 7 × 687 = 4809 T i = 5 × 411 = 2055 T z = 8 × 550 = 4400
(1) Different dithering patterns were used for the different filters with the exception of the g and i bands which shared an identical strategy. In the g-band, the limiting magnitude for point sources is 25.9 mag (10σ) while the surface brightness limit for extended sources is µ g ∼ 29.0 mag arcsec −2 at 2σ above the mean sky level. This means that the NGVS is roughly three magnitudes deeper than either the Sloan Digital Sky Survey (SDSS; York et al. 2000) or the Virgo Cluster Catalog (VCC; Binggeli et al. 1985) . In addition, the NGVS image quality is excellent: the FWHM for every image, in all filters, is always better than 1 . The best seeing conditions were reserved for the i band, where the FWHM never exceeded 0. 6, with a median of 0. 54. The g band images have longer exposure time and the larger FWHM with a median of 0. 80 .
The pre-processing for all NGVS images includes bad pixel masking, overscan and bias subtraction, flat fielding, fringing correction (which is necessary only for the i and z bands) and scattered light correction. The individual images are then corrected for a global background map and stacked using the MegaPipe pipeline (Gwyn 2008) with the adoption of an artificial skepticism method (see Ferrarese et al. 2012 for details). The final stacks are then photometrically and astrometrically calibrated to SDSS images and scaled to have photometric zero point of m AB = 30.
For the Virgo core region centered on M87 (a 3.62 deg 2 survey that is comprised of the NGVS+0+0, NGVS+0+1, NGVS-1+0 and NGVS-1+1 fields), a deep K s band imaging survey (Next Generation Virgo cluster Survey -InfraRed, hereafter NGVS-IR) was also carried out with CFHT, using the WIRCam instrument (see Muñoz et al. 2014 for more details). The NGVS-IR has a limiting magnitude of K s ∼ 24.4 mag (5σ) for point sources and a surface brightness limit of µ Ks 24.4 mag arcsec −2 . The seeing was always better than 0. 7, with the median seeing of the stacked mosaic being 0. 54. The NGVS-IR raw images were processed using the 'I'iwi processing pipeline v2.0 23 , with cosmic rays removed and saturated pixels corrected. After the sky removal, the images were stacked together using the SWARP software package (Bertin et al. 2002) . Full details on NGVS-IR reductions can be found in Muñoz et al. (2014) .
Catalog Generation and SExtractor Photometry
To construct an NGVS compact-source catalog, SExtractor (Bertin & Arnouts 1996) was first run on each NGVS field in double image mode. Objects were detected in the g-band images using SExtractor parameters: DETECT THRESH=1.5, ANALYSIS THRESH=5.0, DETECT MINAREA=2.0, DEBLEND NTHRESH=32.0 and DEBLEND MINCONT=0.002, and then measured in each of the u * griz images. More than 25 million objects were detected and measured across the 117 NGVS fields. All the objects were detected on the MegaPipe global background stacked images, which have the highest photometric accuracy for point-like sources such as stars and GCs. Note, however, that this catalogue is not suitable for investigations of extended objects, especially low surface brightness galaxies. Future papers in this series will discuss the identification and characterization of extended sources in the survey.
By contrast, UCDs at the distance of Virgo are both bright and compact (see, e.g., Haşegan et al. 2005 for an early demonstration of this based on HST/ACS imaging) so we expect to detect virtually every UCD in the cluster. As discussed below, the main obstacle facing a systematic study of UCDs in Virgo is the high level of contamination from stars, compact background galaxies and spurious features such as asterisms or blends.
2.3. Measurement of Half-Light Radii: Methodology, Simulations and Consistency Checks While UCDs are often taken to have half-light radii, r h , larger than 10 pc, the exact dividing point with GCs is somewhat arbitrary. Nevertheless, the great majority of GCs are smaller than r h ∼ 10 pc; in the Virgo cluster, which lies at a distance of 16.5 Mpc (Mei et al. 2005; Blakeslee et al. 2009 ), the average GC half-light radius is 2.7 ± 0.35 pc ∼ 0. 035 , similar results can be found in Webb et al. 2013) . By contrast, the half-light radii of known UCDs span a range, from 11 pc to 93 pc with a median of ∼ 20 pc or 0. 25 (Haşegan et al. 2005; Evstigneeva et al. 2008) . Virgo galaxies are much larger than GCs or UCDs: i.e., the effective radii of even the most compact galaxies in Virgo are larger than 150 pc ∼ 2 ). Thus, a typical GC in Virgo can only be resolved at HST resolution, but a typical UCD can be resolved in high-quality groundbased images, like those from the NGVS. Note that the MegaCam pixel size is 0. 187, which corresponds to ∼ 15 pc at this distance.
In order to measure structural parameters -including half-light radii and total magnitudes -for the many thousands of GC candidates in the ACSVCS, Jordán et al. (2005) developed the KINGPHOT software package. Briefly, KINGPHOT fits -inside a fitting radius, r fit -PSF-convolved King (1966) models to each GC candidate and then determines structural parameters via χ 2 minimization. Needless to say, reliable PSF determination is essential for the successful application of this code. In the case of the ACSVCS, the KINGPHOT measurement limit on r h was found to be ∼ 1 pc, which is about 1/8th of the instrumental PSF for ACS/WFC (FWHM ∼ 0. 1). The uncertainty on r h was also found to grow when r h became comparable to r fit .
In the present study, KINGPHOT has been adapted to measure the half-light radii for UCDs and bright GCs in the NGVS images. Not surprisingly, the main challenge in an application of KINGPHOT to ground-based images lies in the estimation of the PSF. Although the NGVS image quality is superb for a ground-based survey, the PSF is nevertheless much broader than that of HST (by about a factor of five in the i band). In addition, groundbased PSFs can change from field to field, and may vary significantly across an individual MegaCam pointing.
Complete details on the construction of PSFs in the NGVS will be presented in Gwyn et al. (2015) . Briefly, candidate PSF stars were first identified using SExtractor and DAOphot (only stars identified by both SExtractor and DAOphot were used). Additionally, stars within a distance of 40 pixels from other bright objects were discarded. The PSF was then generated using the DAOphot routine psf with a bivariate Gaussian and allowed to vary across the field with second order variations. In each NGVS field, the residual images for the PSF stars were checked to ensure there were no systematic trends with magnitude or position, and KINGPHOT was run only on bright point sources with high signal-to-noise (S/N) ratios. Measurements in the g and i bands (which have the highest S/N and the best image quality) were made independently. Our final r h values represent weighted averages of the measurements in the g and i bands.
For the catalog described in §2.2, a set of aperture magnitudes (within diameters of 3, 4, 5, 6, 7, 8, 16 and 32 pixels) 24 were measured for all objects. Because the PSFs differ from field to field, the magnitude within a given aperture does not represent the same percentage of total flux. Accordingly, we corrected the aperture magnitudes to infinite aperture in a two-stage process. First, a sample of bright (but unsaturated) stars were selected in each field and their 16-pixel aperture magnitudes corrected to infinity (calibrated to SDSS PSF magnitudes). Then, the other aperture magnitudes (3, 4, 5, 6, 7 and 8 pixels) were corrected to a 16-pixel aperture.
After the application of these corrections, we have a homogeneous database of point-source photometry across the entire NGVS survey area, all calibrated against the SDSS. This catalog also accounts for the small but measurable spatial variations in the PSF within individual fields, thereby tightening the stellar color-color and colormagnitude diagrams and aiding in the selection of targets (see, e.g., Figure 1 of Durrell et al. 2014) . Figure 1 shows the aperture correction map made by stacking individual MegaCam pointings. The color coding highlights regions of negative and positive deviations in blue and red, respectively.
It is important to determine the ranges in effective radius and magnitude over which the NGVS KINGPHOT measurements are reliable. We have addressed this question in several ways. First, we carried out a large number of simulations in which artificial sources were generated using PSF-convolved King models plus a realistic amount of noise. The simulated objects were then added randomly to NGVS images and their sizes measured using KINGPHOT. The artificial objects had g-band magnitudes in the range 20 to 23 mag, half-light radii between 1 and 100 pc, and concentration parameters, c ≡ log 10 r t /r c , between 0.5 and 2.3 25 . Figure 2 compares the actual and measured cluster sizes from these simulations; the symbols show mean values of ∆r h /r h while the errorbars show the standard deviation at each r h . Results are shown, from top to bottom, in bins of decreasing magnitude (g = 20 to 23 mag). The KING-PHOT measurements are found to be in good agreement with the actual sizes over a wide range in radius, with the exception of the most compact objects which have input sizes of r h ∼ 2 pc.
The simulations show that there is a tendency to overestimate the sizes of the smallest objects and underestimate the sizes of the largest objects. The most reliable KINGPHOT measurements are obtained for objects brighter than g ∼ 21.5 mag and having half-light radii of r h ∼ 30 pc. Of course, there are good reasons to expect that the measurements for the larger (r h 50 pc) objects would show increased scatter. First, at fixed magnitude, larger objects always have lower mean surface brightness, and the lower S/N ratio will naturally lead to an enhanced scatter. Second, in our analysis the KINGPHOT fitting radius for the NGVS is 7 pixels. This corresponds to 105 pc at the distance of Virgo. Jordán et al. (2005) have shown that the KINGPHOT measurements begin to show a bias when r h r fit /2, which translates to 50 pc for the NGVS. As noted above, UCDs are often defined to have sizes between 10 and 100 pc, although the exact limits are arbitrary and several recent studies have found that most UCDs have 10 ≤ r h ≤ 30 pc Chiboucas et al. 2011; Strader et al. 2011; Penny et al. 2012) . Our choice 25 Here rt and rc are tidal and core radius, respectively. of fitting radius thus seems appropriate for the majority of known UCDs. We conclude from the simulations that the KINGPHOT measurements should be reliable for UCDs and GCs brighter than g 21.5 and having half-light radii in the range ∼10-100 pc.
A second check on the reliability of the KINGPHOT sizes is possible using the independent g-and i-band measurements. We compare the measurements in these two bands in Figure 3 , now showing only those objects with g ≤ 21.5 mag (see above). The dotted lines show sizes of 5, 10, 50 and 100 pc. The half-light radii are in good agreement over a wide range in radius -roughly from 5 pc to 100 pc. A third check on the NGVS size measurements is possible using regions of overlap between adjacent NGVS fields, where some sources can have their sizes measured in completely independent stacks. Figure 4 shows this comparison for the overlap regions in the four M87 fields. The agreement is once again very good, apart from the most compact objects. In fact, this comparison is likely to be overly pessimistic since the measurements in this case are made entirely at the edges of individual MegaCam fields where the image quality is poorest.
Finally, we can compare our sizes with those measured from HST images. The blue squares in the upper panel of Figure 5 show the results of this comparison for GCs and UCDs from the ACSVCS Haşegan et al. 2005) . Note that the NGVS sizes shown here refer to weighted mean sizes measured in the g and i bands. The agreement is quite good for objects with r h 10 pc, although it is worth bearing in mind that the ACSVCS sizes were also made with KINGPHOT. The cyan squares in this figure show objects from Strader et al. (2011) , who collected HST images and measured half-light radii for spectroscopically confirmed GCs and UCDs using the ISHAPE program of Larsen (1999) . For the smallest objects (r h 5 pc), the NGVS sizes are clearly overestimated, as expected from the simulations shown in Figure 2 . For larger objects, the NGVS measurements generally compare favorably with the HST values, although there is a ∼ 25% downward offset for r h 10 pc relative to the values of Strader et al. (2011) . The explanation of this offset is unclear, and while it may be tempting to attribute the offset to the use of different algorithms (i.e., KINGPHOT vs. ISHAPE), previous studies have shown the codes to yield fully compatible results (e.g., Peng et al. 2009 ), at least for GC-sized sources. In any case, our aim in this study is not to measure UCD sizes at a level of precision that rivals HST, but simply to identify any UCDs with sizes in the range ∼ 10 to 100 pc.
After some experimentation, candidate UCDs identified on the basis of their magnitudes and colors ( §2.4) were considered to have sizes appropriate for bonafide UCDs if three conditions were satisfied: (1) the measurement errors on r h were less than 1.5 pc, in both the g and i bands; (2) the fractional difference in the size measurements was |r h,g − r h,i |/ r h ≤ 0.5; and (3) the weighted mean half-light radius was r h ≥ 11 pc. Additionally, we limit our selection to sources brighter than g = 21.5 mag. Taken together, these criteria ensure that objects with uncertain sizes, spurious sources, and compact objects that may suffer from biased size measurements, are eliminated from our analysis. The lower panel of Figure 5 compares the g and i-band sizes for candidate UCDs identified in our three program regions.
Before proceeding, we pause to explain the photometric measurements used in this analysis. For each UCD candidate, we have u * giz aperture magnitudes (and, in the M87 region, u * grizK s ), measured in a series of ever larger apertures as described above. We also have PSFconvolved King-model fits from KINGPHOT in the g and i bands. In principle, these latter values should provide the best photometry for the UCDs. However, there are two limitations with their use: (1) the KINGPHOT measurements are available only in two of the six bands; and (2) analogous measurements exist only for the brightest (g 21.5 mag) objects. For these reasons, in this paper we generally rely on the corrected, 16-pixel diameter aperture magnitudes when comparing the UCD and GC properties. In addition, aperture colors are most reliable when using relatively small apertures, so colors are based on measurements within an 8-pixel diameter aperture. Figure 6 compares the 16-pixel aperture and KINGPHOT magnitudes for our final sample of UCDs (see §2.6) in the M87 region, demonstrating that there is good agreement between the two sets of measurements.
Sample Selection
To select a sample of UCDs, we must rely on a combination of parameters: magnitudes, half-light radii, colors (specifically, their location within the color-color diagram or diagrams), and mean effective surface brightness. The magnitude range adopted for the selection of both UCDs and GCs in our study is 18.5 ≤ g ≤ 21.5 mag (−12.7 M g −9.7). The bright limit is set by saturation in the NGVS long exposures while the faint limit reflects the minimum S/N needed to measure accurate sizes using KINGPHOT (see §2.3). Note that we select both UCD and GC candidates from their location in color-color diagrams ( §2.4.1 and 2.4.2) and identify UCDs on the basis of their larger sizes (11 ≤ r h ≤ 100 pc, §2.3) and lower mean surface brightness at fixed luminosity ( §2.4.2).
In this work, we aim to study the properties of UCDs around three luminous early-type galaxies in the Virgo cluster: M87 (=NGC4486, VCC1316), M49 (=NGC4472, VCC1226) and M60 (=NGC4649, VCC1978). Some basic properties of these three galaxies are listed in Table 1 , including coordinates, magnitudes, colors, effective radii, mean effective surface brightness, concentration c 82 (defined as the ratio of the radii containing 80% and 20% of the luminosity derived from a curve-of-growth analysis), stellar luminosity, stellar mass, X-ray gas mass, dark matter mass, VCC morphol- ogy, NGVS classification type, and other names.
Although these are the three brightest galaxies in the cluster 26 , they occupy very different environments, as shown in Figure 7 . As is well known, Virgo is not a dynamically relaxed system but consists of several distinct subclusters (e.g., Binggeli et al. 1987 Binggeli et al. , 1993 Schindler et al. 1999; Mei et al. 2007) . Subcluster A, which is centered on M87, is the dominant component of Virgo. Subcluster B, which is centered on M49 and located ∼4
• to the south of M87, is considerably smaller and more compact than subcluster A (Binggeli et al. 1993) . The third, less conspicuous, subcluster (C) is centered on a small group of galaxies containing M59 and M60 located ∼3
• to the east of M87 (Binggeli et al. 1987) . 27 Similarly, X-ray imaging of the cluster shows some dramatic differences in the properties of the hot gas in the vicinity of these galaxies (Böhringer et al. 1994 ). Located at the center of subcluster A, M87 is unsurprisingly embedded in a vast, massive reservoir of X-ray-emitting gas. M49 contains much less (∼ 1/40) hot gas than M87, but substantially more than M60 (4-5×).
These three galaxies also reside in quite different environments in terms of their surrounding diffuse light. Located at the cluster center, M87 possesses an extended diffuse envelope and is embedded in a web of intracluster light Castro-Rodriguéz et al. 2009; Rudick et al. 2010) . However, this web is highly concentrated in the central regions of Virgo (Castro-Rodriguéz et al. 2009; Boselli et al. 2014 , Mihos et al. 2015 . Rather than being embedded in an ex- 26 The blue luminosities of the three galaxies are quite similar, differing from their mean luminosity by only 25%.
27 A fourth subcluster is probably associated with M86 (VCC763), located 1.
• 5 WNW of M87 (e.g., Schindler et al. 1999; Binggeli 1999; Mei et al. 2007 ). Binggeli et al. (1985) ; (3) Schindler et al. (1999) ; (4) Humphrey et al. (2006) . All magnitudes and surface brightnesses have been extinction corrected and transposed to the SDSS photometric system. Luminosities and masses are calculated assuming the distance moduli listed in Mei et al. (2007) .
tended envelope of diffuse light, M49 shows tidal features scattered througout its halo (Janowiecki et al. 2010; Arrigoni Battaia et al. 2012; Ferrarese et al. 2012) , while M60 shows diffuse light associated with M59 (Yan et al. 2008 ). These differences in the prominence and morphology the diffuse light surrounding each galaxy are likely related to the different dynamical histories of the three regions.
In the NGVS pilot program region (the four fields in the immediate vicinity of M87: NGVS+0+0, NGVS+0+1, NGVS-1+0 and NGVS-1+1), we have imaging in all five optical bands, u * griz ), plus K s -band imaging from the NGVS-IR (Muñoz et al. 2014) . In this region, we are thus able to select UCD and GC candidates directly from the (u
* iK s ) which was shown by Muñoz et al. (2014) to be remarkably effective in separating UCDs and GCs from foreground stars and background galaxies. Indeed, Figure 8 shows that the sources in the M87 regionmany of which have been observed spectroscopically (see Zhu et al. 2014; Zhang et al. 2015 -can be neatly separated into three main groups in the u * iK s diagram: GCs and UCDs, background galaxies, and foreground stars. The polygon in this figure shows our adopted selection region for UCDs and GCs, a region that includes all of the spectroscopically confirmed UCDs and most of the confirmed GCs in the vicinity of M87 (Hanes et al. 2001; Strader et al. 2011; Zhang et al. 2015) .
Unfortunately, of the 117 MegaCam fields that make up the NGVS, a K s -band photometric catalog is available at this time in only the four pilot program fields. For the remaining fields, including the M49 and M60 regions, we must rely on the (u * − g)-(g − z) color-color diagram (= u * gz) to identify UCD and GC candidates. While there is certainly a separation of UCDs and GCs from foreground stars and background galaxies in this color- color space, it is not as dramatic as in the case of u * iK s (Muñoz et al. 2014) . As Figure 9 demonstrates, the sample of u * gz-selected UCD and GC candidates (blue and cyan dots) shows some overlap with the regions occupied by spectroscopically confirmed stars and galaxies (green and orange dots). As the previous figure, the polygon in Figure 9 shows our adopted selection region for UCDs and GCs.
To better understand contamination arising from the selection of UCDs and GCs in the u * gz diagram, we show in Figure 10 the distribution of u * gz-selected candidates from the M87 region in the u * iK s diagram (red dots). For comparison, the complete sample of sources in this region is shown by the faint gray dots. Clearly, Figure 9 in the u * iKs diagram. Red and blue symbols denote the combined sample of UCD and GC candidates before and after a second selection on mean effective surface brightness.
the level of contamination is non-negligible, with many of the u * gz-selected UCD and GCs candidates located in the regions occupied by stars or galaxies.
To reduce the contamination in this u * gz-selected sample, we impose an additional selection on mean effective surface brightness, µ g e . In the upper panel of Figure 11 , the spectroscopically confirmed UCDs and GCs are found to occupy a relatively narrow range in surface brightness (dashed histogram). The lower panel of Figure 11 shows mean effective surface brightness plotted against (g − i) color for all u * gz-and u * iK s -selected The solid histogram shows the distribution for color-selected (both u * iKs-and u * gz-selected) UCDs and GC candidates, while the dashed histogram shows the distribution for the subset of spectroscopically confirmed UCD and GCs. The dotted lines show our adopted surface brightness limits for the selection of UCDs. (Lower Panel). Dependence of (g − i) color on mean effective surface brightness. Gray dots show all u * gz-selected UCD and GC candidates. Spectroscopically confirmed UCDs, GCs and galaxies are shown by blue squares, cyan crosses and orange triangles, respectively.
sources from the M87 region (gray and black dots, respectively). Spectroscopically confirmed UCDs, GCs and galaxies are shown by the blue, cyan and orange symbols, as indicated in the legend. The irregular pentagon (denoted by the dotted lines) shows the region of µ g e -(g−i) space used to identify UCDs and GCs; the diagonal boundary in the upper right corner was used to minimize contamination from background galaxies, which tend to have red colors and low surface brightness. While a selection on surface brightness does mean that a small number of (high surface brightness) GCs will be missed, all but four of the spectroscopically confirmed UCDs are identified using this approach. Figure 10 plots the u * gz and surface brightnessselected objects in the u * iK s diagram as blue dots. Although a handful of objects are still found in the regions of the diagram occupied by stars or galaxies, the sample is clearly much cleaner than before. We notice that the u * iK s -selection does introduce many background galaxies, as seen in the lower panel of Figure 11 (the cloud of black points in the upper right corner). Therefore, we proceed by selecting UCD candidates relying on a combination of u * iK s and µ g e -(g − i) diagram for the M87 region, and a combination of u * gz and µ g e -(g − i) diagrams for M49 and M60 regions.
Visual Inspection of UCD Candidates
After the color-color selection, the UCD candidates in all three regions (M87, M49 and M60) were separated from GCs on the basis of their half-light radii. Operationally, the UCDs were defined as those objects with r h > 11 pc ( §2.3; see also Drinkwater et al. 2004 ; Will-
Fig. 12.-UCD candidates 1-25 in the M87 region selected on the basis of magnitude, color and half-light radius (see Tables 2  and 3 ). Most of these candidates are class 1 objects, although some objects are known nucleated dwarf galaxies (7, 9, 12) or likely background galaxies (15). Each panel measures 60×60 pixels (11. 2×11. 2). North is up and east to the left.
man Brüns & Kroupa 2012; Penny et al. 2012 ) and M g < −9.7 mag. Up to this point, UCD selection was performed in a completely objective manner. However, a final, somewhat subjective step -a visual inspection of each candidate -is required to eliminate obvious contaminants or artifacts. Such contaminants were usually found to be nucleated dwarf galaxies or compact background galaxies. After a visual inspection, each candidate was assigned a classification code to identify it as a UCD or an another type of object: (1) = probable UCD; (2) = dwarf nucleus; (3) = background galaxy; (4) = other type of contaminant (usually a candidate UCD with uncertain properties due to its being located close to a bright star, stellar halo or CCD bleed trail).
Figures 12-16 present g-band mosaics for our complete, objectively selected sample of candidate UCDs in the M87 region. Each panel has been labelled with both our class parameter and the object identification number from Tables 2 and 3. These 127 objects make up our sample of UCD candidates that satisfy the joint selection criteria on magnitude, color and size described above.
Constraints on Membership and Contamination
from Spectroscopy While the selection criteria described above can provide a very clean sample of likely UCDs from NGVS imaging alone, there is no substitute for spectroscopic redshifts in distinguishing UCDs from foreground stars or background galaxies.
Of course, there is no single spectroscopic survey of the Virgo cluster that is complete to the depth of the UCD samples considered here, but there nevertheless exists a huge amount of spectroscopic data for bright, compact sources in the direction of Virgo, especially in the cluster core. Such studies include early surveys carried out with MMT (Huchra & Brodie 1987) and Palomar (Mould (Hanes et al. 2001 ) and AAT (Jones et al. 2006) . Beyond the immediate vicinity of M87, the Sloan Digital Sky Survey (SDSS; York et al. 2000) observed many targets over the full extent of the cluster, although these were mainly Milky Way stars, QSOs and background galaxies. Most recently, a number of coordinated NGVS spectroscopic programs have been undertaken with the MMT, AAT and other facilities (see, e.g., Zhang et al. 2015) . Thus, there exists a rather extensive spectroscopic database that can be compared to our UCD catalog.
Among the sample of 127 UCD candidates found in the M87 region (before visual inspection), 85 have measured velocities which are listed in Table 3 . Using these 85 objects, we will estimate the contaminants in both the u * iK s -and u * gz-selected UCD samples. Of these, 70 and 73 candidates, respectively, were deemed to be likely UCDs on the basis of u * iK s and u * gz diagrams, and were classified as class = 1 systems. Four of 70 objects in the u * iK s -selected sample and eight of 73 objects in the u * gz-selected sample have velocities (v r > 3500 km/s) that show them to be background galaxies. We would expect ∼ 6% of u * iK s -selected candidates and ∼ 11% of u * gz-selected candidates remaining after visual inspection to be misclassified background galaxies.
As noted in §1, a companion paper in the NGVS series presents a kinematic study of UCDs in the M87 region (Zhang et al. 2015) . Since their sample is a little different from ours, we pause to compare the slightly different selection strategies used in the two studies. The Zhang et al. (2015) analysis is based on radial velocities for 97 UCDs which were identified using a combination of NGVS and HST imaging. Among this sample, 86 UCDs with radial velocity measurements were selected from the NGVS to have r h ≥ 11 pc and g ≤ 21.5. Eleven more UCDs 28 with measured radial velocities were also included in the Zhang et al. 2015 analysis. Based on earlier, accurate HST size measurements, some of these objects have sizes in the range 9.5 ≤ r h ≤ 11 pc, which is just below the adopted NGVS cutoff in r h , while the others are larger than r h = 11 pc but fainter than g = 21.5 mag. In short, Zhang et al. (2015) adopted slightly more flexible selection criteria in order to explore the kinematics of the M87 UCD system using the largest possible radial velocity sample. Our sample selection relies entirely on NGVS imaging in an effort to maximize spatial completeness and sample homogeneity.
Control Fields and Estimation of Contamination
The NGVS includes four background (BG) fields located far from the cluster center. Each field is offset from M87 by ∼16
• , or roughly three virial radii. 29 Because these four fields were observed in the same filters as the other survey fields (u * griz), and under typical NGVS observing conditions with identical exposure times and dithering strategies, we can use these fields to estimate the level of contamination in our UCD samples selected from u * gz imaging. In all, the background fields contain a total of 10 322 objects between our UCD magnitude selection limits of 18.5 ≤ g ≤ 21.5. Of these, 1145 objects are additionally located in the region of the u * gz diagram occupied by UCDs and GCs. The selection on surface brightness described in §2.4.2 is quite effective at removing galaxies, however, and leaves a total of only 174 sources. Among these 174 sources, 19 were found to satisfy the three size conditions described in §2.3. After a visual inspection, only 9 "UCDs" were left in the sample, a slightly higher number than the four spurious sources identified based on spectroscopy ( §2.4.4) of u * iK s -selected sources. While the field-to-field variance may be significant (there were 2, 1, 4 and 2 contaminants found in BG1, BG2, BG3 and BG4 fields, respectively), the number density of contaminants in the u * gz-selected sample is Σ(UCD) u * gz = 2.2 ± 0.7 deg −2 . Unfortunately, there is no K s -band imaging for these four background fields. To estimate the contamination in our u * iK s -selected sample, we use the CFHTLS-D2 field as a proxy background field for the NGVS. CFHTLS-D2 field is one of the four CFHTLS Deep Survey pointings observed in u * griz filters. In this region, there is also a deep K s imaging from UltraVISTA (McCracken et al. 2012) which is an ultra-deep, near-infrared survey using VISTA telescope. We find 2731 objects in this field in the magnitude range 18.5 ≤ g ≤ 21.5 mag; reassuringly, this is quite similar to the mean number of 2580 objects per NGVS background field in this range. A total of 36 CFHTLS objects fall within the UCD/GC region of the u * iK s diagram, only one of which remains after selecting on size and surface brightness. Thus, the u * iK s -selected UCD sample is found to be exceptionally clean, with a contaminant surface density of Σ(UCD) u * iKs 0.9 ± 0.9 deg −2 .
2.6. Catalog of UCD Candidates The complete sample of 127 UCD candidates in the M87 region is presented in Tables 2 and 3. Recall that this sample was selected entirely on the basis of magnitude, color (specifically, location in the u * iK s and/or u * gz diagrams), half-light radius and surface brightness, as described in the preceding sections. For completeness, we list all candidates that were selected before visual inspection and including even those objects which are known from spectroscopy to be background galaxies. A total of 16 of these 127 UCD candidates were subsequently rejected following a careful examination of the NGVS images (i.e., the objects with class parameters of 2, 3 or 4 in Table 3 ).
Information on the M87 UCD candidates is divided into two tables. Table 2 gives, from left to right, each object's identification number, NGVS identifier, right ascension, declination, extinction (Schlegel et al. 1998 ), gband magnitude measured in an aperture with a diameter of 16 pixels and corrected to the SDSS PSF magnitude system, and a variety of 8-pixel diameter aperture colors. Note that these are the observed magnitudes, prior to any correction for extinction. The final two columns of Table 2 give the parameter ∆ env , defined in §4, followed by our final UCD classification: "1" if the candidate is a probable UCD after considering all possible diagnostics (magnitude, color, size, morphology and/or spectroscopy) and "0" otherwise. A total of 92 objects have UCD classifications of 1. Table 3 records the object identification number, NGVS identifier, g-and i-band KINGPHOT magnitudes and radii, followed by previous r h measurements from the ACSVCS Haşegan et al. 2005) or from Strader et al. (2011) . The next four columns give the measured radial velocity, if available, from Strader et al. (2011) , MMT or AAT (Zhang et al. 2015) , and SDSS. The NGVS class parameter is given in the next column, followed by two flags to indicate whether the object falls inside (1) or outside (0) the GC/UCD selection regions in the u * iK s and u * gz diagrams, respectively, and the UCD classification parameter defined above. The final column gives alternative names from the literature (Binggeli et al. 1985; Hanes et al. 2001; Jones et al. 2006; Firth et al. 2008; Harris 2009a; Zhang et al. 2015) . One other object (ID = 7 = NGVS-J122643.32+121743.9) was identified as a faint, nucleated galaxy in our search for low-mass galaxies in the Virgo cluster core.
In the M87 region, 106 of the 127 candidates listed in Tables 2 and 3 were selected based on magnitude, location in u * iK s diagram, size and surface brightness (uiK s = 1 in Table 3 ). Among the 106 u * iK s -selected candidates, 96 were classified as class = 1 objects. Radial velocities reveal four of these objects to be background galaxies (see §2.4.4), bringing our cleaned sample of UCDs in the M87 region to 92. Our cleaned sample of 92 UCD candidates is much larger than any previous studied UCD samples in this region (e.g. 34 UCDs in Brodie et al. 2011 and Strader et al. 2011 ). In addition, the homogeneity is another advantage of our sample. In addition, we also have a homogeneous sample GC and dE,N (see §2.7 and §2.8), which allows us to compare the properties between UCDs, GCs and dwarf nuclei.
As described in §2.4.2, we also select UCD candidates based on the u * gz diagram in the M87, M49 and M60 regions. Based on magnitude, location in u * gz diagram, size and surface brightness, we find 125, 50 and 29 UCD candidates, and 110, 40 and 23 are classified as class = 1 in these three regions. 8 and 12 candidates in the M87 and M49 regions have velocity v r > 3500 km/s, which we deem to be compact, background galaxies. For the M60 region, only two candidates have velocity measurements and both of them are Virgo members (v r < 3500 km/s). Finally, the cleaned u * gz-selected samples have 102, 28 and 23 confirmed or candidate UCDs in these three regions. Table 4 and 5 show the photometric and structure properties of M49 UCD candidates, while Table 6 and 7 show the properties of M60 UCD candidates.
The properties of our final UCD samples are summarized in Table 8 , including the region geometry, coordinates, total area, and the number and surface density of the objects within each region. Note that the numbers given in this table refer to the total numbers of candidates identified using the different color-color diagrams, with no selection on redshift.
It is difficult to find all the UCDs within specific magnitude, color, size and surface brightness range. Based on our selection criteria, we cannot find bright UCDs (g < 18.5) that are saturated in NGVS long exposure images. We may also miss UCDs that are located close to saturated stars or galaxy centers. In addition, the half-light radii of UCDs might increase with galactocentric distance (Pfeffer & Baumgardt 2013) , which can introduce a location-dependent incompleteness via our adapted constant size cut r h 11 pc. Finally, uncertainties on the size and surface brightness measurements could influence the sample completeness. We know, for instance, that we miss four UCDs due to our surface brightness cut (see Figure 11) . A fixed concentration c = 1.5 is assumed (the same as in Jordán et al. 2005 ) when we measure the half-light radius using KING-PHOT . Thus, the radii of UCDs with larger concentrated (c > 1.5) are underestimated, and vice versa. In this case, more compact UCDs (c > 1.5) may be missed via our size criteria. The PSF variation across the survey area could also influence our size measurements. However, the variation is small (see Figure 8 of Ferrarese et al. 2012 ) and we measured the half-light radii by fitting PSF-convolved King (1996) models. So the effect of PSF variations on our UCD sample selection is small.
Globular Cluster Sample
As seen in Figure 8 , the GCs and UCDs are clearly separated from foreground stars and background galaxies. In the M87 region, it is reasonable easy to select GC candidates brighter than g = 24 mag in the u * iK s diagram (Muñoz et al. 2014 ). We did not adopt other criteria like surface brightness and size since it is difficult to measure the sizes of objects down to g = 24 mag, and most GCs are unresolved. We eliminate the UCD candidates described above and any other known background galaxies and foreground stars. Finally, we select 9497 GC candidates which are brighter than g = 24 mag.
Around M49 and M60, where we do not have K s photometry, the GCs are selected based on u * gz colorcolor diagram. The u * gz diagram is not as optimal as u * iK s to separate GCs from stars and background galaxies, especially for the faint objects. Therefore, we only select bright GCs in the M49 and M60 regions. The adopted magnitude criteria is the same as UCD selection, 18.5 ≤ g ≤ 21.5 mag. Finally, 307 and 273 bright GCs are found in the M49 and M60 regions respectively. In this paper, we only use the M49 and M60 bright GCs to compare with UCDs, and do not study the properties of GCs that need a complete sample, e.g. luminosity function. In this case, the magnitude completeness of our GC sample is not very important.
2.8. Nucleated Galaxies in the M87 and M49 Region A leading theory for the origin of UCDs is tidal stripping, or "threshing", of nucleated dwarf galaxies. In this scenario, the outer envelope of a low-mass satellite is removed by the strong tidal field of a cluster or galaxy, leaving behind a nucleus that survives because of its compact nature (e.g., Bekki et al. 2001 Bekki et al. , 2003 Drinkwater et al. 2003; Pfeffer & Baumgardt 2013 ; see also Bassino et al. 1994 for an early exploration of this same basic idea). It is therefore of interest to compare the properties of UCDs and nuclei in the NGVS. Accordingly, we pause to describe the construction of a sample of nuclei for the M87 region that will be used for such comparisons.
The M87 region contains a total of 89 certain or possible nucleated galaxies from either Binggeli et al. (1985) or the NGVS (Ferrarese et al., in preparation) . Nucleated galaxies are identified based on visual inspection of the images as well as parametric fits to the surface brightness profiles. Galaxies are deemed to be "certainly nucleated" when the images show clear evidence of a central luminosity excess on the scale of the PSF, and the measured surface brightness profiles lie above over the inward extrapolation of the Sersic law best fitting the profile beyond a few arcseconds. Galaxies for which either the visual inspection or the profile fits are inconclusive are classified as "possibly nucleated"; all others are classified as non nucleated (see also Côté et al. 2006 and Turner et al. 2012) . Among the 89 certain or possible nucleated galaxies, nine objects were identified as UCD candidates in our automated selection process. While this provides direct evidence that at least some nuclei are robustly similar to the UCDs studied here, it is important to understand why the remaining 80 objects do not appear in our UCD sample. First, nine of the 89 galaxies were not detected by SExtractor (due either to low surface brightness or projection close to a bright source), while 16 are brighter than g = 18.5 mag and 23 more are fainter than g = 21.5 mag, meaning that 41 nuclei remain after our selection on magnitude. Among these 41 nuclei, 6 of them fall outside the selection region in the u * iK s diagram, 18 were rejected according to their surface brightness (most of them have lower surface brightness than UCDs) and another 8 were excluded when applying our rather stringent selection on size, leaving an objectivelyselected sample of 9 nuclei finally.
In what follows, we shall use both the objectivelyselected sample of nine galaxy nuclei and the full sample of 64 nuclei 30 when comparing the UCDs and nuclei in the M87 region. In the M49 region, we find 22 galactic nuclei that have magnitude 18.5 ≤ g ≤ 21.5 mag. Two of them recovered as UCDs by our selection criteria.
RESULTS
The goals of our study are an improved understanding of the origin of UCDs and a comparison of their properties to those of other stellar systems in the cluster, such as galaxies and GCs. We therefore begin by examining the bulk properties of the UCDs in the M87, M49 and M60 regions in order to understand the role environment may play in their formation and evolution. In a similar vein, we compare the properties of UCDs in these fields to those of GCs to determine the extent to which GCs and UCDs may share common formation and evolutionary histories. Since the sample of UCDs in the M60 region is smaller, some results in this section focus on just the M87 and M49 regions, e.g., color distribution, color gradient, color magnitude relation, and the connection to the Intracluster light.
Population Richness
Because the UCD samples identified in the three regions were selected using different approaches (i.e., the primary diagnostic is position in the u * iK S diagram for M87, versus location in u * gz for M49 and M60), we may expect some differences in the level of background contamination (see Table 3 ). The number of contaminants can be estimated robustly using either approach ( §2.5), so we can straightforwardly compare the most basic parameter for the UCD systems in these regions: the total number of UCDs, N UCD . To ensure the most homogenous estimates for N UCD , we focus on the results obtained when the u * gz-selection is used in all three regions.
As described in §2.6, we have a total of 102, 28 and 23 cleaned u * gz-selected UCD candidates in the M87, M49 and M60 regions, respectively. To compare N UCD in the different regions, we count the number of UCD candidates within 25R e of each galaxy 31 . Finally, we find N UCD 78 ± 9, 22 ± 6 and 10 ± 4 within 25R e of M87, M49 and M60. Thus, it is immediately apparent that there are large region-to-region differences in population size, despite the fact that the central galaxies have similar luminosities and stellar masses (Table 1) . Indeed, in the M60 region, the detection of a UCD system is only significant at the ∼2.5σ level. However, in the case of M49, and especially M87, the detection of a UCD system is unambiguous. Figure 17 shows the variation in N UCD with several fundamental parameters for the three regions of the cluster. Panels (a) through (f) show the dependence on galaxy g-band luminosity, stellar mass, M * , X-ray gas mass, M gas (Schindler et al. 1999; Humphrey et al. 2006) , dark matter mass, M DM (Schindler et al. 1999; Humphrey et al. 2006 ), number of Virgo member galaxies located within a radius of 25R e , N gal , and the total number of GCs belonging to each galaxy, N GC . As already noted, there is no correlation between the luminosity or stellar mass of the galaxy and the number of surrounding UCDs: i.e., M87 and M60 have nearly identical luminosities and stellar masses, but M87 contains a rich UCD system of ∼80 objects, while M60 shows just a 2.5σ enhancement in the number of UCD-like objects expected in a random field. Thus, it is clear that the M60 region is markedly deficient in UCDs compared to M87, or even M49, which again has a comparable luminosity and stellar mass. On the other hand, the remaining panels in this figure show surprisingly tight correlations between N UCD and the parameters describing mass of the host sub-cluster. The dashed lines show the best-fit linear relation in each case:
log N UCD = (0.380 ± 0.031) log M gas − 3.14 ± 0.11 = (1.382 ± 0.321) log M DM − 17.77 ± 1.20 = (1.581 ± 0.395) log N gal − 0.70 ± 0.46 = (1.829 ± 0.092) log N GC − 5.74 ± 0.18 (2) Evidently, the large differences in UCD population size and formation efficiency disappear when N UCD is compared to tracers of sub-cluster mass and/or richness. Normalized to the parameters such as dark matter mass and the number of neighboring galaxies, all three regions seem to have formed UCDs with comparable efficiency. shown as gray dots. Blue crosses indicate probable member galaxies brighter than B = 18 from Binggeli et al. (1985) . Red circles show nucleated dwarf galaxies in this region identified from the NGVS (see §2.8). Thin black lines show the ellipses that best fit the galaxy isophotes at µg = 20, 21, ... 28 mag arcsec −2 . The green curve shows the ellipse that best fit the global UCD distribution (see §3.2 for details).
Spatial Distribution
The spatial distribution of the confirmed and candidate UCDs in each of these three regions are shown in Figures 18, 19 and 20. In each case, the distribution of UCDs (filled or open squares, depending on whether the object has been confirmed spectroscopically) is shown along with that of the GCs (gray dots) and Virgo member galaxies brighter than B = 18 (blue crosses). For comparison, the low-mass galaxies whose nuclei were identified as possible UCDs in our automated selection pipeline and full sample of nucleated dwarf galaxies in this region (as described in §2.8) are also shown in Figure 18 with filled and open red circles, respectively.
The ellipses in each figure show the best-fit galaxy isophotes at µ g = 20, 21, ... 28 mag arcsec −2 . In the case of M87, where GCs can be selected with a high level of confidence from the u * iK s diagram, we plot all GC candidates brighter than g = 24. For M49 and M60, no K s -band imaging is available so we plot only those GCs selected from the u * gz diagram with g ≤ 21.5 (see §2.7). For comparison, Figure 21 shows the spatial distribution of GC-and UCD-like objects in the four background fields (also selected from the u * gz diagram). This last figure gives an indication of the level of contamination we might expect in the M49 and M60 regions, as well as the field-to-field variance. BG3 contains four UCD-like objects, whereas BG2 contains just one.
The UCD candidates in Figure 20 are only weakly concentrated to the center of M60, and at least a few of the candidates may be better associated with M59, a mas- sive early-type galaxy located about 25 (∼ 120 kpc) to the northwest. All in all, the number of UCD candidates in the M60 region appears only slightly larger than what one would expect in a random field (as noted in §3.1, we estimate a total UCD population of ∼ 10 ± 4 above background), although the existence of at least some bonafide UCDs in this galaxy is clear: e.g., the high-mass object, M60-UCD1, is projected just ∼ 1. 5 from the center of the galaxy (Strader et al. 2013 ).
The situation is quite different in M49 and, especially, M87, where there is a clear excess of confirmed or candidate UCDs at the position of the central galaxies. In the latter case, the UCD sample is large enough to permit a more quantitative examination of its flattening and orientation. The dashed lines in Figure 22 show the radial variation in ellipticity, , and position angle, θ, for the isophotes of M87 according to Janowiecki et al. (2010) . Although our sample of UCDs is too small to measure reliable profiles for these parameters, the mean values obtained using the UCDs within a radius of 25R e UCD 0.34
are in good agreement with those of the galaxy/ICL (intracluster light). Note that the UCD measurements shown in Figure 22 (blue squares) are plotted at the mean geometric radius for the sample, R = 0.
• 20 (∼ 60 kpc). For comparison, we also show measurements for the GC system in the inner regions of M87 from McLaughlin et al. (1994) . For both the GCs and UCDs, the measurements are based on the method of moments formalism described in § 4.1 of McLaughlin et al. (1994) . The GC system in M87, like the UCDs, is also quite similar to that of the galaxy in terms of flattening and position angle, a result which has been noted many times in the past (e.g., McLaughlin et al. 1994; Forte et al. 2012 ). • 5 and δ 11.
Color Distributions
• 6 is the massive, early-type galaxy M59. The spectroscopically confirmed UCDs in this field are the bright objects discussed in Strader et al. (2013) , Seth et al. (2014) and Chilingarian & Mamon (2008) . For the comparatively rich UCD system surrounding M87, our multi-band imaging -including K s data from the NGVS-IR -makes it possible to carry out a comprehensive study of UCD colors. As is well known, the GC systems of most massive galaxies are known to show multimodal -usually bimodal -color distributions (e.g. Ashman & Zepf 1992; Geisler et al. 1996; Gebhardt & Harris et al. 2006; Peng et al. 2006 Peng et al. , 2009 Liu et al. 2011 ). This bimodality has been interpreted as evidence for a variety of physical processes that may have been involved in the formation of the host galaxy, including hierarchical growth (e.g., Côté et al. 1998 Côté et al. , 2000 Côté et al. , 2002 Beasley et al. 2002; Tonini 2013) and cluster formation in gas-rich major mergers (Ashman & Zepf 1992; Muratov & Gnedin 2010) . Alternatively, it has been proposed that a non-linear relationship between metallicity and (some) broadband color indices (Yoon et al. 2006 (Yoon et al. , 2011 (Yoon et al. , 2013 Blakeslee et al. 2012; Chies-Santos et al. 2012 ) is chiefly responsible for the observed bimodality. Once again, one should keep in mind that these processes need not be mutually exclusive, and it is likely that a combination of effects conspire to produce the ubiquitous bimodality observed for GC systems.
Broadly speaking, existing photometry suggests that UCDs can also have a broad distribution in color, often spanning the full range in GC colors (e.g., Haşegan et al. 2005; Mieske et al. 2006b; Evstigneeva et al. 2008; Madrid et al. 2010; Madrid 2011; Chiboucas et al. 2011) . There is also some evidence that, at the highest luminosities, this distribution gives way to a trend between luminosity and color, in the sense that the brightest systems have the reddest colors (e.g., Mieske et al. 2004a; Blakeslee & Barber DeGraaff 2008) , although there are at least some counterexamples of bright systems that are blue in color (Penny et al. 2014) . The blue and red curves show the individual components of the double Gaussian that best fits each distribution, determined using the GMM code assuming heteroscedasticity (see also Table 9 ). The dashed vertical lines show the inferred blue and red peaks, while the smooth black curve shows the sum of the individual components. The green histograms present the color distribution for the full sample of 64 dwarf nuclei.
code of Muratov & Gnedin (2010) to evaluate the significance and characteristics of this apparent bimodality. Note that GMM is similar to the KMM code of Ashman et al. (1994) , but it implements maximum likelihood parameter estimation. The best-fit GMM models (blue and red curves in Figure 23 ) were calculated assuming heteroscedasticity, i.e., independent dispersions for the two subcomponents. For comparison, the green histogram in each of these two figures shows the color distribution for the sample of 64 dwarf nuclei in this region. While a detailed analysis of the nuclei colors will be presented in a future paper in this series, we note that the nuclei, like the UCDs, are primarily blue. Unlike the UCDs, though, they show no strong evidence for bimodality.
The best-fit, two-component Gaussians from our GMM analysis are shown in Figures 23 as the blue and red curves in each panel; their sum is shown in black. The two vertical dashed lines in each panel show the locations of the calculated blue and red peaks. The GMM-fitting results for the UCDs are summarized in Table 9 . From left to right, this table records for each index, the mean color, µ a , and dispersion, σ a , as well as the mean color and dispersion for the separate blue (µ b , σ b ) and red (µ r , σ r ) components. The number of blue and red UCDs, N b and N r , along with the overall fraction of blue objects, f b , are given in the following three columns. The errors on each parameter were determined using a nonparametric bootstrap procedure. The final two columns give the D parameter and p-value for chi 2 (see Muratov & Gnedin 2010 for details). As described in Muratov & Gnedin 2010 , the D parameter should be larger than 2 and p-value should be smaller than 0.05 for a bimodal distribution. As apparent from Figure 23 the exceptions of (r − i) 0 and (i − z) 0 , both of which have p-values larger than 0.05. The lack of bimodality in these indices is perhaps not surprising given their limited wavelength baseline.
The fraction of blue UCDs is found to be remarkably constant across color index, with a mean value of f b = 0.85 ± 0.14. These estimates compare reasonably well with the value of f b 0.71 measured for GCs using the (g−z) 0 index for the 11 ACSVCS galaxies that fall within the M87 region considered here (Peng et al. 2006; Jordán et al. 2009 ). In other words, the UCD system in the core of Virgo (sub-cluster A) has a similar, or perhaps slightly larger, fraction of its members belonging to the blue subpopulation as does the GC system in the same region.
The interpretation of the UCD color distribution, however, is even less straightforward than it is for GCs. Figure 24 plots r h versus (g − K s ) to show that while the blue UCDs span a large range in sizes-from our lower limit of 11 pc to a maximum of ∼ 40 pc-the red UCDs are all relatively compact. None of the red UCDs have r h larger than 18 pc. This raises the possibility that these red UCDs are simply the tail of the red GC population to large sizes. This does not mean, however, that there are no red UCDs. Some of the most massive confirmed UCDs in Virgo, such as M60-UCD1 (Strader et al. 2013; Seth et al. 2014 ) and M59c0 (Chilingarian & Mamon 2008) , have colors as red as the reddest GCs. Because of this ambiguity, it is difficult to interpret the color distributions of UCDs. These issues will be explored for a variety of stellar systems (GCs, UCDs, galaxies, nuclei) in a future NGVS paper. For the time being, we simply note that UCDs as a population, defined using our selection criteria, show bimodal color distributions, whereas dwarf nuclei are predominantly blue. The size distributions of the color subpopulations is consistent with a picture where some of the blue UCDs may have origins as stellar nuclei, and the red UCDs in our sample are possibly the largest red GCs. Figure 25 shows the optical color distribution of UCD candidates (black lines) and dwarf nuclei (green lines) in the M49 region. The six color indexes shown in this figure are based on the u * giz wavebands that we have in this region. The UCD colors do not show significant bimodal distributions, but most have "tails" on the red side, with the exception of the (g − i) 0 color index. Due to the limited number of UCD candidates in the M49 region, we did not fit the color distribution using GMM pipeline. The green histograms show the distribution in color of the dwarf nuclei. The nuclei color distribution in the M49 region is similar to that in the M87 region: i.e., similar in color range with the UCDs and showing no obvious bimodality.
Color Gradients
As is well known, massive galaxies usually show radial color gradients, in the sense that their colors become bluer with increasing distance from the center (i.e., a negative gradient). This behavior is found in both early-and late-type galaxies (e.g., Boroson et al. 1983; Franx et al. 1989; Peletier et al. 1990; de Jong 1996; MacArthur et al. 2004; Liu et al. 2009; Gonzalez-Perez et al. 2011; Peletier et al. 2012) . It is also known that the GC systems associated with massive galaxies show negative color gradients (e.g., Strom et al. 1981; Geisler et al. 1996; Harris 2009a; Liu et al. 2011) . In this case, the fairly strong color gradients are known to be driven mainly by the changing ratio of blue-to-red GCs as a function of radius, with the blue clusters being more spatially extended than their red counterparts (Geisler et al. 1996; Lee et al. 1998; Kundu et al. 1999; Larsen et al. 2001a; Peng et al. 2006 Peng et al. , 2008 .
The dependence of UCD color on projected distance from M87 is shown in the upper panel of Figure 26 . The sample consists of the 92 likely or confirmed UCDs (after the rejection of spectroscopic non-members). UCDs (g − z) 0 = 0.876(±0.026) − 0.003(±0.024) log R/R e (4) For comparison, we also show the nucleated dwarf galaxies in the M87 region. Neither the dwarf nuclei, which lie in the range 10 R/R e 50, nor the UCDs exhibit any trend with radius.
The lower panel of Figure 26 shows the same relation for the GCs of M87. The dashed line in this case (g − z) 0 = 1.056(±0.003) − 0.193(±0.004) log R/R e (5) refers to the entire GC system, with no division on color. Consistent with earlier findings (e.g. Jordán et al. 2004; ), we find that the varying ratio of blue to red GCs is chiefly responsible for the strong negative gradient. The weaker trends observed for the separate red and blue GCs, divided at (g − z) 0 = 1.00, are shown by the dotted lines:
(g − z) red = 1.215(±0.007) − 0.068(±0.007) log R/R e (g − z) blue = 0.858(±0.003) − 0.046(±0.003) log R/R e (6) For comparison, we overlay the fitted relations for the blue and red GCs on the UCDs in the upper panel of this figure.
The existence of a blue tilt may bias the gradient measured for the luminous blue GCs. To avoid this possibility, it is better to compare the UCDs and blue GCs in the same color and magnitude ranges. We therefore focus on the UCDs and GCs brighter than g = 21.5 and bluer than (g − z) 0 = 1.0. The best fitted gradients in this case are ∇(g − z) blueGC = −0.050 ± 0.008 dex −1 and ∇(g − z) blueUCD = −0.018 ± 0.018 dex −1 . It is clear that luminous blue GC system has a significant gradient (at the ∼ 6σ level) while blue UCD system shows no gradient at all. Figure 27 shows color gradients for GCs, UCDs and dwarf nuclei in the M49 region. The GCs in this figure are again only the luminous GCs which are brighter than g = 21.5. The best fitted lines (dashed lines) of the whole UCD system and whole GC system are:
(g − z) U CD = 0.870(±0.050) − 0.004(±0.046) log R/R e (g − z) GC = 0.970(±0.020) − 0.082(±0.019) log R/R e (7) If we fit only the UCDs and GCs that are brighter than g = 21.5 and bluer than (g − z) 0 = 1.0 , the gradients are ∇(g − z) blueGC,M49 = −0.038 ± 0.012 dex −1 and ∇(g − z) blueUCD,M49 = −0.026 ± 0.040 dex −1 . Again, the luminous blue GC system shows a significant gradient (∼3σ) while the blue UCD system shows no evidence of gradient.
From the above analysis, it is clear that the GC systems around M87 and M49 show significant color gradients, while the UCD systems show no gradient. We also notice that the gradients of UCDs have large errors, which makes the gradient values of UCDs and GCs compatible at the ∼ 2σ level. A possible difference in the color gradients of GCs and UCDs may point to different formation mechanisms for the two classes of objects.
Color Magnitude Relations
The color-magnitude diagram for sources in the M87 and M49 regions are shown in Figure 28 and 29. GCs are shown as gray dots, spectroscopically confirmed UCDs as filled squares, and candidate UCDs as open squares. Note that the GC sample has been cleaned of any objects that we have identified here to be UCDs on the basis of size. For reference, the 64 nuclei of dwarf galaxies in the M87 region and 22 nuclei in the M49 region are shown as red circles (open and filled). As noted previously, the GC system of M87 (Mieske et al. 2006b; Forte et al. 2007; Peng et al. 2009; Harris 2009b ) exhibits a "blue tilt" (Harris et al. 2006; Strader et al. 2006; Mieske et al. 2006b) , with the GCs belonging to the blue sub-population becoming progressively bluer with decreasing luminosity. To quantify this behavior, we bin the GCs by z 0 magnitude, and fit two-component Gaussians to the data points in each bin, thereby ensuring that all points are independent. The results are shown by the thin blue and red lines, which trace out the central locations of the blue and red components as a function of z 0 -band magnitude. Our analysis -which is based on a GC sample that is far larger than that used in any previous study of this galaxy -confirms the existence of a significant blue tilt in the M87 GC system. For the M49 region, we only present bright GCs (g < 21.5) in the Figure 29 . The blue line is the best fit for the blue GCs with (g − z) 0 < 1.0. Similar with M87 GC system, luminous blue GCs in the M49 region show significant blue tilt as well.
Both Figure 28 and Figure 29 show that the UCDs participate in the general trends defined by the GCs. Indeed, at bright magnitudes, a significant fraction of the sources are actually UCD candidates, and so they have been at least partly responsible for driving the colormagnitude trends noted in previous ground-based studies. The abrupt bend to redder colors exhibited by the UCDs is similar to the behavior of UCD candidates in Abell 1689 noted by Mieske et al. (2004b) , although UCD membership constraints in that case were fairly limited. For both M87 and M49 regions, many of the bright UCDs are confirmed spectroscopic members (filled squares), leaving little doubt over the reality of this colormagnitude relation. Interestingly, the dwarf nuclei seem to follow the trends defined by the UCDs and (blue) GCs. It also noteworthy that all of the 11 UCDs in the M87 region and all of the 3 UCDs in the M49 region with colors redder than (g − z) 0 ≥ 1.0 are brighter than z 0 20.
Luminosity Functions
The M87 GC luminosity function has been studied many times in the past (e.g., McLaughlin et al. 1994; Kundu et al. 1999; Jordán et al. 2002 Jordán et al. , 2006 Jordán et al. , 2007 Peng et al. 2009; Villegas et al. 2010) , so it is possible to compare these earlier results (many of which are based on high-resolution imaging from HST) with our new measurements from the NGVS. Of particular interest in this context is a comparison of the UCDs to GCs to see if the two populations are consistent with being drawn from the same parent distributions in luminosity. Although previous studies of this sort have generally failed to provide conclusive evidence for, or against, the hypothesis that the UCDs and GCs are drawn from the same luminosity function (due largely to limitations in UCD sample size and the heterogeneity of the GC and UCD samples used for the comparisons; e.g., Mieske et al. 2004a Mieske et al. , 2007 Gregg et al. 2009 ), some recent investigations have argued that the UCD luminosities are consistent with their being the most luminous members of the host galaxy's GC system (e.g., Hilker 2009; Norris & Kannappan 2011; Mieske et al. 2012) . Figure 30 shows the GC luminosity function of M87 according to the ACSVCS (black squares). This HSTbased measurement has the advantage that typical GCs at the distance of Virgo can be resolved by HST/ACS (e.g., Jordán et al. 2005) , thus significantly reducing contamination. The data have been taken from the catalog of Jordán et al. (2009) , and consist of 1748 GCs identified in a single ACS field located at the center of M87. To allow a direct comparison to the NGVS results, the g-band magnitudes from the ACSVCS have been transformed from the SDSS to MegaCam photometric system -a typical correction of ∼ 0.078 mag in the sense that the MegaCam magnitudes are brighter 32 . The dashed black curve in this figure shows a Gaussian fitted to the transformed ACSVCS data (Villegas et al. 2010 ). The red circles show the corresponding GC luminosity function from the NGVS. The luminosity functions were scaled vertically to match at the peak of the distribution (at g ∼ 23) where the statistical errors are the smallest and both samples should be compete. Any objects in the NGVS GC catalog that have measured radial velocities inconsistent with their being GCs (v r ≥ 3500 km s −1 ) have also been removed, leaving a sample of 9497 objects. Finally, we add to the NGVS GC sample the 92 confirmed or probable UCDs from this study, and plot the combined luminosity function of these 9589 objects as blue open triangles.
There is little to differentiate the two NGVS luminosity functions, although the latter sample (which includes the UCDs) is more noticeably enhanced over the Gaussian curve for g 0 21. It is difficult to say with certainty whether either NGVS sample provides a superior match to the ACSVCS results because the UCDs represent only a tiny enhancement (≈ 1-2%) to the GC sample, making it is difficult to draw firm conclusions. These difficulties are exacerbated by the differences in the spatial coverage of the HST and NGVS surveys, combined with possible differences in the spatial distribution of GCs and UCDs.
While our ability to isolate large and nearly contaminant-free sample of UCDs and GCs has improved considerably in recent years, thanks to both spectroscopic surveys and imaging programs like the ACSVCS and NGVS, we continue to lack a fully developed and quantitative theory for the GC luminosity function (i.e., predictive models). Until then, definite conclusions on the correspondence between the UCD and GC luminosity functions will likely remain elusive.
Connections to Features in the Intracluster Light?
32 For more information, see http://www2.cadc-ccda.hiaiha.nrc-cnrc.gc.ca/megapipe/docs/filters.html
The innermost regions of the principal sub-clusters in Virgo are crowded and dynamic environments in which galaxy interactions have likely played an important role in shaping their present-day appearance. Some UCD formation scenarios invoke processes like satellite stripping, accretion and disruption, so it is natural to ask if there is evidence for a correspondence between the UCDs found in this study and any previously identified features in the diffuse ICL. Given the modest size of the UCD system in M60, we confine the discussion to the UCDs surrounding M87 and M49.
There is evidence for past interactions in both of these regions from several independent studies, including ongoing dwarf galaxy accretion (McNamara et al. 1994; Lee et al. 1997; Arrigoni Battaia et al. 2012) , possible kinematic substructuring among GCs and PNe (Côté et al. 2003; Doherty et al. 2009; Romanowsky et al. 2012; Agnello et al. 2014) , dynamical structures (e.g., Boselli et al. 2014) , indirect evidence for tidal stripping of certain types of galaxies, including compact ellipticals (e.g., Côté et al. 2008; Côté 2010; Peng et al. 2008; Coenda & Muriel 2009) , and the discovery of discrete features in the surrounding ICL (e.g., shells, streams and plumes) that almost certainly arose from galaxy interactions and accretions (Mihos et al. 2005 (Mihos et al. , 2013 Rudick et al. 2009; Janowiecki et al. 2010; Ferrarese et al. 2012) . Figure 31 shows some of these features for the M87 (upper panels) and M49 (lower panels) regions. The left panels show the original V -band images from the study of Mihos et al. (2005) , while the images on the right show residuals after subtracting the best-fit galaxy model. The irregular polygons in each panel indicate the features identified by Janowiecki et al. (2010) . The blue and red crosses show the UCD candidates in each region after dividing the sample by color at (g − z) 0 = 1.0. The UCD samples shown here are the cleaned sample of UCDs in M87 (see §2.6), and the u * gz-selected UCD candidates in M49 (see Table 8 ).
Of the five ICL features in M87 noted by Janowiecki et al. (2010) , only eight UCDs fall within their boundaries (a single object in region #1 and seven more in region # 4). In the case of M49, two regions contain one or more UCDs: two objects in region #1, and one more in region #5. All in all, though, there is little evidence that the UCD populations are preferentially associated with the catalogued features in the ICL of these subclusters. Of course, this may simply reflect the fact that most of the known ICL features are found at large radii (where there are relatively few UCDs) presumably because phase-mixing timescales in the inner regions would rapidly erase any such features.
DISCUSSION
We showed in §2 that it is possible to measure reliable sizes for UCDs larger than r h ∼ 10 pc using NGVS images. By combining these size estimates with cuts in the color-color diagram, visual classifications, and new or published spectroscopic redshifts, we have produced relatively clean samples of UCDs for ∼4 deg 2 regions centered on each of M87, M49 and M60 -the three most massive galaxies in the Virgo cluster. In this section, we summarize our key findings and discuss their implications for UCD formation models.
Perhaps most fundamentally, there is clear evidence for large region-to-region differences in the number of UCDs ( §3.1). Such variations would not be expected if N UCD scales with either the luminosity or stellar mass of the central galaxy, which are similar in all three cases. However, these variations would be expected if the number of UCDs scales in proportion to the mass of the surrounding subcluster; as Figure 17 shows, this is precisely what is observed, with N UCD increasing in step with other tracers of sub-cluster mass: X-ray gas mass, dark matter mass, and the number of surrounding galaxies and GCs. Moreover, the flattening and orientation of the UCDs in M87 appear to match that of the central galaxy isophotes and/or ICL in this region.
An increasing number of studies support the view that UCD formation is tied to tidal stripping (e.g., Bekki et al. 2001; Drinkwater et al. 2003; Pfeffer & Baumgardt 2013; Pfeffer et al. 2014; Seth et al. 2014; Janz et al. 2015; Mihos et al. 2015) . In this scenario, the larger UCD system surrounding M87 (∼ 3.5 and 7.8 times more than M49 and M60) can be understood in terms of the larger reservoir of low-mass galaxies in this more massive environment, while the stronger tidal forces (due to the larger virial mass) would allow low-mass galaxies to be stripped more easily.
Meanwhile, the rather blue colors of most UCDs ( §3.3) are consistent with expectations in the tidal stripping scenario if their putative progenitors were low-mass, metal-poor galaxies. Similarly, the fact that both the UCD colors and their location in the color-magnitude relation closely match the nuclei lends further support to the notion that tidal stripping of low-mass galaxies was a dominant process in UCD formation. Although we find no evidence that the UCDs are preferentially associated with known low-surface brightness features in the ICL, this probably reflects the fact that only those features located at large radii -beyond the bulk of the UCD populations in each subcluster -would still be visible at the present time. Clearly, though, this is an area where additional study is needed, preferably using numerical simulations with realistic cosmological initial conditions.
In a companion paper, Zhang et al. (2015) have examined the kinematics of UCDs in the M87 region, com- Tables 2 and 3 . The first nine panels show known nucleated dwarf galaxies (class=2) from Binggeli et al. (1985) or new discoveries from the NGVS. The objects have been loosely arranged according to the visual prominence of an underlying diffuse halo, which is unmistakable in the first objects and non-existent in last ones. Eighteen of these 20 objects are confirmed radial velocity members of the Virgo cluster, the exceptions being two dwarf nuclei (object IDs = 7 and 12). The measured velocities and the envelope parameters ∆env (see equation 8) are labeled at the bottom of each panel.
paring their properties to GCs and low-mass galaxies. They find the UCDs have a similar velocity dispersion profile with the blue GCs. There is a hint that the velocity anisotropy of the UCDs changes from tangentially biased (β < 0) to radially biased (β > 0) with increasing distance from M87, and, to within the uncertainties, the GCs and UCDs are found to have similar anisotropy profiles with possible deviations at large radii. On the other hand, the UCDs show somewhat larger rotation than either the blue or red GCs. Thus, while there is no compelling evidence from kinematics alone that tidal stripping of low-mass galaxies is a primary mechanism for UCD formation, the more radially biased orbits of UCDs compared to blue GCs at large radii are suggestive that stripping plays a role.
Is there evidence from the structural properties of the UCDs and dwarf galaxies themselves that might support a connection between UCDs and low-mass galaxies? Figure 32 uses our sample of 92 likely or confirmed UCDs surrounding M87, along with the nine dwarf nuclei in this same region that were objectively identified in our UCD search, to illustrate a heuristic structural sequence among these ∼100 objects. The 20 objects shown in this mosaic have been arranged, from left to right and top to bottom, by the apparent prominence of a diffuse en- velope surrounding each compact object. For the first half of the sample, there is clear evidence for the twocomponent structure (i.e., a nucleus plus an envelope) that is characteristic of dE,N, dS0,N, or dSph,N galaxies. Indeed, all but one of these objects was previously cataloged as a nucleated dwarf galaxy residing in the cluster core (Binggeli et al. 1985) . The sequence extends to include very compact UCD candidates that show little or no sign of an extended envelope. Figure 33 shows surface brightness profiles, PSFs and fitted King models for each of the objects shown in Figure 32 . The gradual progression from a two-to one-component structure is apparent.
In Figure 34 , we plot the sequence of UCD and envelope structure on a common axis to highlight the change in envelope fraction relative to the central component. This figure is reminiscent of Figure 5 in Pfeffer & Baumgardt (2013) , which showed the simulated surface brightness profile evolution of a dwarf galaxy being tidally stripped.
Because this sequence is based purely on visual appearance, a more quantitative approach is desirable. We therefore introduce the parameter
where g 16 and g 32 are the g-band corrected point-source magnitudes measured in apertures of diameter 16 and 32 pixels (see §2.2). These apertures correspond to radii of 1. 5 and 3. 0, respectively, and their difference should provide a diagnostic of any diffuse light surrounding the candidates. Figure 35 shows the distribution of ∆ env values for the sample of 92 likely or confirmed UCDs, and 64 dwarf nuclei, in the M87 region. The dwarf nuclei, which are shown in red, are broadly distributed with 0.00 ∆ env 1.00 mag. By contrast, the UCDs (class = 1 objects), which are shown by the cyan and blue histogram, are strongly peaked at ∆ env 0 mag, with an asymmetry to positive values. We can use the observed dwarf distribution as a guide in separating UCD candidates with, and without, an appreciable envelope by adopting ∆ env 0.05 mag as the dividing point. UCD candidates with ∆ env < 0.05 mag and ∆ env ≥ 0.05 mag are shown in blue and cyan, respectively.
The cumulative distribution of projected distances to M87, D M87 , for these three samples are compared in Figure 36 . It is obvious that there are dramatic differences in their spatial distribution, with the dwarf nuclei lying preferentially at larger distances than the UCD candidates (see Drinkwater et al. 2004 for a similar result in the Fornax cluster). UCDs that show signs of a faint envelope, in turn, have a larger mean distance than those that show no envelope. These same trends are also apparent in Figure 37 , which plots ∆ env against D M87 for the individual objects. Although the dwarfs have a distribution in ∆ env , most are located at large distances (D M87 ≥ 0.
• 2). The UCD candidates with ∆ env < 0.05 mag are found at all radii, whereas those with ∆ env ≥ 0.05 mag appear to form an intermediate population.
As a check on the significance of the observed trend for compact systems surrounding M87, we show in Figure 38 , 39 and 40 the analogous distribution for M49, but for its sample of 28 UCDs and 22 nucleated dwarf galaxies. Clearly, the behavior seen in the M87 region is seen here as well.
The most straightforward interpretation of the ob- served trend is that proximity to the central, massive galaxy in these regions governs the envelope structure of UCDs and dwarf nuclei. This finding may provide an important new piece of evidence in support of the tidal stripping scenario, since the strong tidal forces near the bottom of the gravitational potential wells in these sub-clusters would act to strip away the envelopes of the nearest UCD progenitors.
CONCLUSIONS AND DIRECTIONS FOR FUTURE WORK
In this paper, we have presented the first homogeneous and complete photometric study of UCDs around the three prominent Virgo sub-clusters, centered on the galaxies M87, M49, and M60. Using deep, multi-color NGVS imaging, we select UCDs with high completeness using their measured colors and half-light radii. Below, we summarize the main findings of our study:
• Using the excellent image quality in the NGVS data, we can reliably measure the half-light radii of objects in Virgo down to a limiting size of ∼ 10 pc at g ≈ 21.5 mag, making the data ideally suited for UCD studies.
• We present samples of 92, 28, and 23 confirmed or probable UCDs associated with M87, M49, and M60 (within 2 • × 2 • boxes), respectively, selected to have 18.5 < g < 21.5 mag (−12.7 M g −9.7) and half-light radii 11 < r h < 100 pc. These objects were selected using a combination of criteria including luminosity, size, colors, effective surface brightness, and visual inspection.
• The number of UCDs scales with the total mass of the host system. M87 contains ∼ 3.5 and 7.8 times more UCDs than M49 and M60 within a radius of 25R e , respectively. However, there are tight correlations between the number of UCDs and the parameters that describe the total mass of each subcluster (X-ray gas mass, dark matter mass, number of neighboring galaxies, and number of GCs).
Normalized to the parameters such as dark matter mass and the number of neighboring galaxies, M87, M49 and M60 appear to have formed UCDs with comparable efficiency.
• The spatial distribution of UCDs mirrors the galaxy light. The M87 UCDs appear to follow the ellipticity and orientation of the low surface brightness stellar light in the halo.
• Most UCDs have blue colors. We find that ∼ 85% of the UCDs in M87 have colors similar to blue GCs or stellar nuclei. The remaining red UCDs are mostly more compact (11 < r h < 18 pc, and may be consistent with being the tail of the red GC population. However, we note that a few of the most luminous UCDs in the literature are quite red in color, so not all UCDs are blue.
• M87 and M49 UCDs show no color gradient with galactocentric radius. The UCDs in the M87 and M49 regions display no significant gradient in color. This lack of a gradient is also found for the nuclei of dwarf galaxies around M87 and M49. Meanwhile, the GCs show a color gradient in both their blue and red sub-populations.
• M87 and M49 UCDs show a relation between color and magnitude. Like what has been seen before for blue GCs, the M87 UCDs display a color-magnitude relation, where the more luminous UCDs tend to be redder. Dwarf galaxy nuclei also seem to follow a similar color-magnitude trend. Similar results are found in the M49 region.
• The M87 UCD system represents a 1-2% enhancement over a Gaussian GCLF at the bright end. By combining the GCLF from the ACS Virgo Cluster Survey and the NGVS, we find that inclusion of the UCDs causes the luminosity function at the bright end to be enhanced over a Gaussian extrapolation by a small amount. Lacking a developed theory of the GCLF, however, the interpretation of this result is difficult.
• There is little evidence that UCDs are preferentially associated with streams or features currently visible in the ICL. We matched the locations of UCDs with ICL features detected in deep images of the M87 and M49 regions and did not find that UCD numbers were enhanced in these regions.
• UCDs around M87 follow a morphological sequence defined by the prominence of their outer, low surface brightness envelope, with the envelope fraction correlating with distance from M87. We quantify the fraction of stellar light in UCDs that is contained in an outer envelope, and find that the M87 UCDs span a range of envelope fraction that merges into the sequence of nucleated dwarf galaxies. The mean UCD envelope fraction rises with distance from M87. The similar result is also found for the UCDs around M49. This sequence suggests that tidal stripping may play an important role in the formation of UCDs.
Taken together, our results suggest that many UCDs are distinct from normal GCs, and originate as stellar nuclei that are subsequently subjected to a process of tidal stripping that depends mainly on the total mass of the host halo. Some objects selected as UCDs in our study, however, may be the massive and extended tail of the GC population as these two populations likely overlap.
Several obvious extensions to this work present themselves. First, our study has focused on just three regions covering a combined area of ∼ 11 deg 2 . Since the full NGVS survey spans an area of ∼ 104 deg 2 ), a systematic search for UCDs -based on both effective radii and location in the u * gz diagramcovering a ten-fold larger area is possible and, indeed, will be presented in a future paper in this series (Liu et al., in preparation) . Second, the addition of K s -band imaging is obviously invaluable in the identification of both UCDs and GCs (Muñoz et al. 2014 ; §2.4.1) as it leads directly to a 2-3× reduction in the level of background contamination (see §2.5). Programs to acquire additional IR imaging are currently underway (CFHT/WIRCam, VISTA/VIRCam).
Third, a careful examination of the scaling relations for UCDs and GCs requires accurate structural information (e.g, effective radius, mean surface brightness, concentration, etc.) that is beyond the reach of groundbased imaging. While the NGVS image quality is exceptional compared to most ground-based surveys, it is nevertheless suitable only for identifying compact stellar systems with sizes larger than r h ∼ 10 pc (see §2.3). On the other hand, measuring accurate structural parameters for Virgo UCDs and GCs is entirely straightforward with HST, and both new and archival observations could be used for this purpose. Fourth, low-resolution spectroscopy for UCD candidates from the NGVS is within the reach of existing multi-fiber spectrographs on 4m-and 8m-class telescopes, and such spectra would allow the kinematic and chemical properties of NGVS-selected UCDs to be examined in a systematic way (e.g., Zhang et al. 2015) . Finally, high-resolution, integrated-light spectroscopy for the brightest UCDs would, once combined with structural parameters from HST and multicolor photometry from the NGVS and UV/IR surveys, lead to a better understanding of their internal properties, including their initial mass function (Dabringhausen et al. 2010 Marks et al. 2012) , dynamical evolution (Chilingarian et al. 2011) , and possible dark matter and/or central black hole content (Haşegan et al. 2005; Mieske et al. 2008 Mieske et al. , 2013 Frank et al. 2011; Chilingarian et al. 2011; Seth et al. 2014 ). This work is based on observations obtained with MegaPrime/MegaCam, a joint project of CFHT and CEA/DAPNIA, at the CanadaFranceHawaii Telescope (CFHT) which is operated by the National Research Council (NRC) of Canada, the Institut National des Sciences de Univers of the Centre National de la Recherche Scientifique (CNRS) of France, and the University of Hawaii. This work is based in part on data products produced at Terapix available at the Canadian Astronomy Data Centre as part of the Canada-France-Hawaii Telescope Legacy Survey, a collaborative project of NRC and CNRS.
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(8) The SDSS redshift measurement has ZWARNING = 68, which means that the spectrum has SMALL DELTA CHI2 and NEGATIVE EMISSION (Bolton et al. 2012 ).
Although the SDSS velocity indicates this VCC-cataloged galaxy is a background galaxy, its diffuse envelope and prominent nucleus strongly suggest that it is a bonafide cluster member. NOTE-(1) Object ID number; (2) Object name in NGVS; (3-4) King model magnitudes in g and i bands; (5-6) Half-light radii in g and i bands; (7) Half-light radius measured using HST imaging (Haşegan et al. 2005) ; (8) 
